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Altered sodium-calcium exchange in alferent arterioles of the sponta-
neously hypertensive rat. Studies were performed to determine if there is
a derangement in Na-Ca exchange activity in afferent (AA) and efferent
(EA) arterioles from 3- and 9-week-old spontaneously hypertensive
(SHR) and Wistar-Kyoto (WKY) rats. Cytosolic calcium concentration
([Ca21) was assessed using microscope-based photometry in fura-2
loaded arterioles bathed in a Ringer's solution. Baseline [Ca21, was
similar in the AA of 3- and 9-week-old WKY and SHR. In AA from
3-week-old rats, [Ca2] increased by 89 15 n in WKY and by 73 13
nM in SHR during decreases in bath sodium concentration ([Na]) from
150 to 2 mai (Na replaced with n-methyl-D-glucamine). In 9-week-old
hypertensive SHR (SBP = 150 mm Hg), increases in [Ca2J1 were
attenuated (24 3 nM) relative to 3-week-old WKY and SHR, and
9-week-old WKY (90 9 nM; P < 0.05). Likewise, the rate of removal of
Ca2 in the continued presence of 2 mat Na (Ca2 sequestration and/or
extrusion) was markedly reduced in AA of 9-week-old SHR (—0.15 0.03
nM/second) versus 3-week-old SHR (—0.72 0.12 nM/second) and 3- and
9-week-old WKY (—0.49 0.10 and —0.67 0.14 nM/second). In other
experiments, AAs were preincubatcd in 1 mat ouabain to increase
intracellular [Nat]. This maneuver augmented the increase in [Ca2]
obtained with removal of Na; however, the responses obtained in
9-week-old SHR arterioles were still attenuated compared to those
obtained in arterioles for 3- and 9-week-old WKY and 3-week-old SHR.
These results suggest that exchanger number and/or sensitivity to the
transmembrane Na gradient was reduced in the SHR AA. In EA, baseline
[Ca2j1 was similar in 3- and 9-week-old WKY and SHR. In contrast to
AA, the magnitude of Na-dependent and Na-independent changes in
[Ca2I was not different in the EA of 3- and 9-week-old WKY and SHR.
These results indicate that regulation of Na-Ca exchange activity may
differ between AA and EA segments. Furthermore, diminished Na-Ca
exchange and Na-independent Ca2 sequestering/extrusion mechanisms
could contribute to altered AA [Ca2j1 in the SHR.
Cytosolic calcium concentration ([Ca2]), which is the major
determinant of contractility in vascular smooth muscle (vsm), may
play a central role in the development of hypertension. The
regulation and control of vascular smooth muscle [Ca2]1 occur
through several different pathways, including movement of Ca2
across both plasma membrane and into and out of intracellular
storage sites. At the plasma membrane Ca2 transport includes,
but is not limited to, Ca2tATPase and Na-Ca exchange. There
has been considerable interest in the Na-Ca exchanger in both the
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regulation of [Ca2]1 as well as its potential involvement in the
pathogenesis of certain forms of hypertension [1—8].
Much of the previous work on Na-Ca exchange in vsm has been
limited to examination of larger conductance vessels (> 200 tim),
such as the mesenteric vascular bed [9, 101 and abdominal aorta
[3, 4]; however, to a lesser extent, studies have been performed on
isolated cell membrane vesicles of vsm extracted from mesenteric
arteries [11] and cultured aortic vsm cells [12]. Results from these
studies support the existence of a bidirectional Na-Ca exchange
mechanism in these cells. This is largely based on Ca2tuptake
measurements, or indirectly via contractile measurements, during
either Na loading or reversal of the Na gradient across the
plasmalemmal membrane.
Since the initial suggestion by Blaustein that the Na-Ca ex-
changer may be involved in hypertension [6], exchange activity has
been examined in vascular smooth muscle obtained from hyper-
tensive animals with mixed results [3, 4, 13]. In aortic rings
removed from DahI S and R rats fed a high salt (8%) diet for four
weeks, Na-Ca exchange activity, assessed by measurement of the
rate of contraction elicited in a 1.2 m Na solution, was lower in
aortic rings from Dahl S rats than Dahl R rats [4]. This contrasts
with data obtained from aortic rings of spontaneously hyperten-
sive (SHR) and Wistar-Kyoto (WKY) rats, in which the rate of
contraction was significantly higher (twofold) in hypertensive
SHR [3]. These Na-Ca exchange data from SHR aorta are
consistent with results derived from isolated sarcolemmal mem-
branes (mesenteric arteries) of SHR [13]. However, no studies to
date have examined Na-Ca exchange in renal resistance vessels
(afferent and efferent arterioles) from SHR and WKY rats. These
studies are necessary since there may be vascular site specific
expression of different isoforms of the exchanger [14]. Therefore,
the activity and regulation of the exchanger may not be uniform
throughout the vasculature. In addition, the importance of the
renal microvasculature in the control of kidney function and
arterial blood pressure is generally accepted.
We report, in the accompanying article, characterization of
Na-Ca exchange activity in afferent and efferent arterioles from
rabbit kidney using the the Ca2 sensitive fluorescent probe fura-2
[15]. These results demonstrate that reducing Nae increases
[Ca2]1 in both afferent and efferent arterioles, and that these
responses were inversely related, in a graded fashion, to [NaI. In
addition, changes in [Ca2]1 with reduced bath Nae were larger in
afferent compared to efferent arterioles. In other studies, arte-
rioles Na loaded with ouabain showed augmented increases in
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[Ca2]1 with reductions in Na. Studies also showed that the
increase in [Ca2] with reductions in bath Na was dependent
upon extracellular Ca2 and blocked by the nonspecific inhibitor,
nickel. These results are consistent with the presence of a Na-Ca
exchanger in both afferent and efferent arterioles, and suggest that
Na-Ca exchange might play a role in controlling [Ca2] in these
important resistance elements. The present studies were per-
formed to extend this work by searching for alterations in Na-Ca
exchange activity in afferent and efferent arterioles from the
spontaneously hypertensive rat. We additionally evaluated differ-
ences in Na-independent regulatory mechanisms controlling
[Ca2] in arterioles from SHR and WKY rats, since other studies
suggest that there may be alterations in these Ca2 regulatory
mechanisms in hypertension [16—20].
Methods
Tissue preparation
Male and female WKY and SHR were obtained at 3 and 9
weeks of age from Charles Rivers (Raleigh, NC, USA) and
utilized in experiments within one week. SHR develop arterial
hypertension at five weeks, while WKY rats remain normotensive
[21—23]; thus, pre-hypertensive and hypertensive SHR, and sepa-
rate normotensive controls were utilized. We did not try to use
rats older than nine weeks since the difficulty of the dissection
procedure increases with age, especially in the SHR. Rats were
fed standard laboratory chow (Prolab animal diet) containing
0.4% sodium and 0.7% potassium and water ad libitum. Systolic
blood pressure measurements, as well as heart rates were deter-
mined using standard tail cuff plethysmography techniques.
For the study of isolated arterioles, rats were killed by decapi-
tation and kidneys were removed, decapsulated and sliced in thin
(1 mm) coronal sections for microdissection. Kidney slices were
placed in cold Ringer's solution containing (in mM): 148 NaC1, 5
KC1, 1 MgSO4, 1.6 Na2HPO4, 0.4 NaH2PO4, 5.0 Dextrose, 1.5
CaCl2 and 7.0 xM fura-2 acetoxymethyl ester (fura-2AM) or 1.6
jx sodium green, tetraacetate (Na Green; a Na fluorescent
probe). Glomeruli with attached arterioles and thick ascending
limb were isolated using a Wild M5A stereomicroscope and
incubated for one hour in 7.0 JxM fura-2AM, with additional
fura-2AM (10 jiM) regularly applied in close proximity via a 1 cc
syringe and 26 g needle. After one hour of incubation in fura-
2AM, single glomeruli with arterioles were transferred to a
chamber that was mounted on a Leitz inverted microscope. Glass
pipettes were used to gently hold glomerulus and vascular struc-
tures at the floor of the bathing chamber, which prevented
movement of the arteriole during the experimental protocol.
Temperature of the chamber was maintained at 37°C by contin-
uous superfusion (bath exchange) with pre-warmed Ringer's
solution at a rate of 1.5 mI/mm. The 150 and 2 mivi Na Ringer's
bathing solutions were maintained at 37°C, bubbled with 02, and
pH was adjusted to 7.40 with Trizma HC1 or base. Osmolality of
solutions was frequently verified and found to equal 296 2
mosm/kg. For precise temperature control, hot water was contin-
uously circulated through tubing located around the perimeter of
the chamber.
Criteria for identification of afferent and efferent arterioles
were similar to that previously described [24]. Afferent and
efferent arterioles were distinguished based on size and relative
position to the thick ascending limb [25]. Also, afferent arterioles
were identified by concentric rings of smooth muscle cells. After
identification, an adjustable optical window was positioned over
the arteriole within which photon emissions were collected and
measured using a Leitz compact photometer modified to perform
photon counting. Wavelengths for excitation of fura-2 were 350
and 380 nm (Xenon 75 watt light source), while emitted fluores-
cence was passed through a 510 10 nm band-pass filter. The
wavelength of excitation for Na Green was 507 nm, and emitted
fluorescence was measured at 530 nm. Background fluorescence
was determined prior to the experimental protocol and rarely
exceeded 5% of the total fluorescence. Hardware, including dual
monochronometers, chopper and software were obtained from
Photon Technology International (PTI Deltascan System, Prince-
ton, NJ, USA). Software and hardware were configured for
collecting 20 data points/second, and writing 5 points/second to
the file.
Experimental protocol
Baseline fura-2 ratios were obtained while bathing the afferent
or efferent arteriole in Ringer's solution containing 150 mrvi Na.
Experiments were performed only when the fura-2 ratio (that is,
[Ca2]1) remained stable for at least 100 seconds. After this period
of time, [Na] was reduced to 2 m, which resulted in a rapid
increase in [Ca2]1, followed by a return of the ratio towards
baseline values. Nae was returned to 150 m to obtain recovery
measurements only after a stable plateau value had been obtained
for [Ca2j1 at low [NaJ. After increasing Na to 150 mrvt, [Ca2]1
was monitored until a stable steady-state recovery value was
attained. In other experiments, arterioles were exposed to
ouabain to increase intracellular Na concentration. After obtain-
ing control responses, as just described, arterioles were incubated
for 15 to 30 minutes with 1 mivi ouabain in the presence of the 150
mM Nae Ringer's solution. The protocol of reducing and readdi-
tion of Nae on [Ca2] was then repeated in the continued
presence of ouabain. In other experiments, [Na] was qualitatively
assessed during a 15 to 30 minute incubation of arterioles in
ouabain using the fluorometric probe, Na Green.
Analysis
[Ca2]1 was determined using the ratio of fluorescence obtained
at 350 and 380 nm excitation wavelengths and calculated using the
equation described by Grynkiewicz, Poenie and Tsien [26]:
[2+] = K * [R — V* R,,.)/(V *Rm*, — R)](Su/Sb2)
where Kd is the effective dissociation constant of fura-2, V is the
viscosity correction factor (0.85) described by Poenie [27], Rmin
and Rmax are the minimum and maximum ratios at 350 and 380
nm in the presence and absence of Ca, 5f2 and 5b2 are the 380 nm
signals in the absence and presence of Ca2, respectively. The
value of 224 flM was utilized as the Kd for fura-2 [28]. Calibration
was conducted in vitro in the bathing chamber. Composition of the
calibration solution was chosen to approximate the intracellular
milieu and consisted of (in mM): 115 KCI, 20 NaCl, 10 3-(N-
morpholino) propanesulfonic acid, 1.1 MgCl2, 1 jiM fura-2 pen-
tapotassium salt (Molecular Probes, Eugene, OR, USA) and
either 3 CaC12 or no Ca2 and 3 ethylene glycol-bis(b-aminoethyl
ether)-N,N,N',N'-tetraacetic acid (EGTA). Rmjn and Rmax values
averaged 0.55 0.02 (N = 9) and 3.09 0.38 (N = 9), while
5f2/Sb2 averaged 3.23 0.32. In vitro calibration parameters
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Fig. 1. Typical fura 2 trace (afferent arteriole) illustrating the experimental
protocol and analysis of changes in [Ca2],. A prompt increase in [Ca2]
was observed during a reduction of Nae from 150 to 2 m. This was
followed by a fall in [Ca2] in the continued presence of 2 mai Nae. After
[Ca2] had stablized, Na was returned to 150 m. The magnitude and
rate of change in [Ca2}1 was determined; a more complete explanation
and definitions of the terms are in the Methods section.
parallel those produced in vivo [28] and are similar to those
reported in previous studies from our laboratory [24].
To assess the Na-dependent and Na-independent effects of low
[Naje on arteriolar [Ca2]1, experiments were analyzed as illus-
trated in Figure 1. For these experiments, Ca2, is the difference
between the peak increase in [Ca2] and baseline [Ca2j; dy/dt
(nM/second), is the rate of increase in [Ca2] with decreased Nae;
—dy/dt (nM/second) is the rate of decrease in [Ca2]1 in the
continued presence of 2 mivi Nae; %NaIRec is the magnitude of
decrease in [Ca2]1 in the continued presence of 2 mivi Na divided
by the total recovery of [Ca2J after the re-addition of Nae to 150
mM multiplied by a factor of 100. The dy/dt and —dy/dt were
determined from analytic calculation of successive cubic data fits,
as provided in the Deltascan software.
Statistical analysis
Data are presented as the mean SE. Comparisons of peak
responses, dy/dt, —dy/dt and NaIRec, as well as the effect of
ouabain within and between groups of rats were conducted with
the Student's paired and unpaired f-test or a one-way ANOVA.
Statistical significance for all comparisons was set at P < 0.05.
Results
At 4 to 5 weeks of age SHR develop hypertension, while control
WKY rats remain normotensive (21—23]. In the present study, tail
cuff plethysmography was utilized to document age-related
changes in systolic blood pressure in 3- and 9-week-old animals,
and these data are depicted in Table 1. Systolic blood pressures
were similar in 3-week-old WKY and SHR, while at nine weeks of
age blood pressure increased in both WKY and SHR. However,
the increases in blood pressure were significantly greater in
9-week-old SHR compared to WKY. Heart rates, body wts and
weight gains were all comparable between SHR and WKY at 3
and 9 weeks of age.
Baseline [Ca2]1 was measured in afferent and efferent arte-
rioles bathed in 150 mivi Nae Ringer's solution, and the values are
Table 1. Systolic blood pressure, heart rate and body weight
measurements in 3- and 9-week-old rats
SBP
mm Hg
Heart rate
beats/mm
Body wt
g
3-Week-old WKY 105 7 465 17 54.5 3.0
(N = 6)
9-Week-old WKY 130 5 398 34 227.4 6.3
(N =6)
3-Week-old SHR 101 486 16 47.4 2.7
(N =6)
9-Week-old SHR 150 5 406 41 221.9 4.1
(N =6)
Systolic blood pressure (SBP), heart rate and body weight in 3- and
9-week-old WKY and SHR rats.
P < 0.05 represents significant difference between 3- and 9-week-old
rats
bP < 0.05 represents difference between 9-week-old SHR and WKY
Table 2. Baseline cytosolic calcium concentrations in afferent and
efferent arterioles of 3- and 9-week-old rats
Afferent
arterioles
[Ca2], nM
Efferent
arterioles
[Ca2J1, nM
3-Week-old WKY 155 16 (15) 147 14 (14)
9-Week-old WKY 186 12 (15) 166 12(14)
3-Week-old SHR 156 18 (15) 142 7 (16)
9-Week-old SHR 156 12 (17) 177 15 (16)
Afferent and efferent arteriolar [Ca2I1 under basal conditions in 3- and
9-week-old WKY and SHR rats. There were no significant differences in
baseline [Ca2] between ages and groups. Number of measurements is
shown in parentheses.
shown in Table 2. There were no differences in baseline [Ca2]1
between SHR and WKY either at 3 or 9 weeks of age under the
in vitro conditions in which these measurements were performed.
Similar results were obtained in efferent arterioles from SHR and
WKY rats at 3 and 9 weeks of age.
In afferent arterioles (Fig. 2A) from 3- and 9-week-old WKY,
reducing Nae from 150 to 2 m increased [Ca2]1 similarly by
88.7 14.5 (N = 15) and 90.0 8.5 (N = 15) n, respectively.1
In contrast, [Ca2]1 responses to a reduction in Na were mark-
edly reduced (23.6 3.4 nM) in afferent arterioles of 9-week-old
SHR (P < 0.05; N = 17) relative to 3-week-old SHR (72.9 12.9
nM, N = 15). In afferent arterioles, the magnitude of increase in
[Ca2]1 during low [Na]e in 3-week-old SHR was not statistically
different from 3-week-old WKY rats. Rates of increase in [Ca2]1
(dy/dt) during reduction in Nae for afferent arterioles are shown in
Table 3. dy/dt was significantly less in 9-week-old SHR compared
to all three other groups. These results indicate that, in response
to a reduction in Nae, both the magnitude and rate of change in
'These changes in [Ca2]1 with reductions in N; were associated with
very small changes in intracellular pH. In a limited number of experi-
ments, arterioles were loaded with the fluorescent probe BCECF. In
response to a decrease in Na from 150 to 0 ms, there was a small
alkalization in afferents (0.1 0.03; P < 0.02; N = 5) and in efferent
arterioles (0.05 0.01; P < 0.02; N = 6). It should be noted that these
changes are both directionally opposite to what would be ex?ected based
on Na:H exchange activity and to explain the increases in [Ca obtained
with reductions in N;.
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Fig. 2. Magnitude of increase in [Ca2 J during a reduction of Nafrom 150
to 2mM in afferent (A) and efferent (B) arterioles from 3- (U) and 9-week-old() WKYand SHR. p < 0.05 represents significant difference between 3-
and 9-week-old SHR responses.
[Ca2] were reduced in 9-week-old SHR compared to 3-week-old
SHR and 3- and 9-week-old WKY rats.
In the continued presence of 2 mt Nae, [Ca2J1 declined back
towards control levels (Fig. 1). The rate of decline in [Ca2]1
(—dyldt) and the magnitude of recovery of [Ca2j1 (% NaIRec)
were measured in each of the four groups and the results are
shown in Table 3. In afferent arterioles, both the rate of decline
and magnitude of recovery of [Ca21 in the presence of 2 mi Na
were significantly less in 9-week-old SHR compared to the other
three groups. Therefore, in afferent arterioles from hypertensive
SHR, both Na-dependent and Na-independent changes in [Ca2I1
were reduced when compared to 3-week-old SHR and 3 and
9-week-old WKY rats.
In efferent arterioles, illustrated in Figure 2B, decreases in Nae
from 150 to 2 m produced similar increases in [Ca2 I from
3-week-old (62.0 14.0 nM, N = 14) and 9-week-old (53.2 8.7
nM, N = 14) WKY rats. [Ca2] responses were also similar in 3-
and 9-week-old SHR, averaging 42.6 5.4 (N = 16) and 39.2
9.4 nM (N = 16), respectively. In addition, changes in [Ca2] in
efferent arterioles of WKY rats compared to SHR were not
statistically signifIcant. As shown in Table 3, the rate of increase in
[Ca2J1 during 2 mai Nae was not different in all four groups. Also,
in general, the responses obtained in efferent arterioles were
smaller than thse obtained in the corresponding afferent arterioles
(afferent vs. efferent arterioles, P < 0.10, 3-week-old WKY; P <
0.02, 3-week-old SHR; P < 0.004, 9 week-old WKY). There was
no difference between afferent and efferent arteriolars in 9-week-
old SHR because of the reduced afferent arteriolar response to
Nat.
In the continued presence of 2 mvt Nat, there was a decline in
[Ca2] back towards control values. The percent recovery of
[Ca2]1 was not different in efferent arterioles from all four
groups. The rate of decline in [Ca2] was also similar across ages
and groups, although there was a small difference that achieved
statistical significance in —dy/dt between efferent arterioles from
3- and 9-week-old SHR (P < 0.02). This may be attributed to a
lower value for —dy/dt in the 3-week-old SHR rat and not to a
specific difference in the 9-week-old SHR compared to the other
groups, as found in the afferent arteriolar studies.
In other experiments afferent and efferent arterioles were
exposed to 1 mi ouabain for a period of 15 to 30 minutes in order
to elevate [Na]1. To verify that this maneuver did lead to changes
in [NaJ1, the fluorescent probe, Na Green, was used to provide a
qualitative assessment of changes in [Na]1.2 Figure 3 illustrates
changes in Na Green fluorescence during alterations in bath Na
with and without the addition of ouabain. Decreasing bath Na
reduced Na Green fluorescence, indicating that this maneuver
resulted in a decrease in [NaI1. Incubation of the arteriole with
ouabain led to an increase in the cps indicating an elevation in
[Na]. In the presence of ouabain, the decrease in fluorescence
with a reduction in bath Na was greater than that obtained in the
absence of ouabain. In 4 afferent arterioles, incubation with
ouabain for 15 minutes increased Na Green cps by 33.7 4.0%,
while in 3 efferent arterioles, ouabain increased Na Green cps by
37.3 1.9%. In addition, Na Green cps decreased 9.9 3.5% in
afferent (N = 4) and 10.9 2.9% in efferent (N = 3) arterioles
bathed in 2 m Na under basal conditions. These decreases were
augmented to 18.5 4.9% and 16.0 2.3% in afferent and
efferent arterioles, respectively, after 15 minutes incubation in
ouabain.
In afferent arterioles from 3- and 9-week-old WKY rats (Fig.
4A), reduction of Na to 2 m similarly increased [Ca2]1 by
81.2 18.2 (N = 9) and 96.2 10.3 flM (N = 11), respectively.
Exposure to ouabain significantly increased the magnitude of
changes in [Ca2j1 during reductions in Na by approximately
fourfold. In response to decreases in Na, [Ca2]1 increased by
337.2 111.3 and 351.7 78.3 n in 3- and 9-week-old WKY,
respectively. The changes in [Ca2I were not different between 3-
and 9-week-old WKY rats, but were clearly different between
control and ouabain treated arterioles at both 3 (P < 0.04) and 9
2 J should be noted that Na Green is a nonratiometric probe and we
have not been successful in calibrating this dye in renal arterioles. In
addition, we have not been able to use the ratiometric Na dye, SBFI, in
arterioles due to the low quantum yield of this probe. Therefore, the
results obtained with Na Green can be used to assess directional changes
but not the magnitude of the change in [Na]1.
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Table 3. Rate of increase in calcium (dy/dt), rate of calcium sequestration and/or extrusion (—dy/dt) and relative recovery of cytosolic calcium
concentration (NaIRec) in afferent and efferent arterioles
Afferent arteriole Efferent arteriole
dy/dt —dy/dt NaiRec dy/dt —dy/dt NaIRec
nM/second nM/second % Rec nM/second nM/second % Rec
3-Week-old WKY 2.20 0.39 —0.49 0.10 86.6 3.8 1.16 0.27 —0.40 0.11 64.1 6.5
(N = 15 Aff, 14 Eff)
9-Week-old WKY 2.74 0.36 —0.67 0.14 76.5 5.5 1.19 0.32 —0.25 0.09 43.7 8.7
(N = 15 Aff, 14 Eff)
3-Week-old SHR 1.89 0.36 —0.72 0.12 74.6 6.8 1.08 0.19 —0.13 0.04 57.4 8.2
(N 15 Aff, 16 Eff)
9-Week-old SHR 0.63 0.lOa,5 —0.15 O.03' 56.3 81h 1.39 0.36 —0.40 0.10" 66.4 6.5
(N = 17 Aff, 16 Eff)
Linear fit analysis of the rate of increase in [Ca2]1 (dy/dt), the rate of Ca2 sequestration and/or extrusion (—dy/dt), and the relative recovery of
[Ca2]1 (NaTRec) while Nae was reduced from 150 to 2 mM
a P < 0.05 represents significant differences between 3- and 9-week-old animals
h P < 0.05 represents differences between 9-week-old SHR and WKY rats
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(P < 0.06) weeks of age. In afferent arterioles from 3- and
9-week-old SHR, control increases in [Ca2]1 in response to
reduced Nae were 77.2 16.7 (N = 11) and 23.2 3.7 flM (N =
15), respectively (P < 0.01). These responses were similar in
magnitude to those measured previously, as illustrated in Figure
2A. After incubation in ouabain, increases in [Ca2J1 at 2 mtvt Na
were 292.3 51.7 flM in 3-week-old SHR and were significantly
reduced in 9-week-old SHR ([Ca2]1 = 129.7 16.2 nM; P <
0.03).
In efferent arterioles obtained from 3- and 9-week-old WKY
rats (Fig. 4B), increases in [Ca2]1 during 2 mrvt Nae were similar
at 66.0 19.2 (N = 10) and 59.7 11.5 nM (N = 10), respectively.
After incubation in 1 mivi ouabain, increases in [Ca2]1 during 2
mM Na were augmented approximately four- to fivefold to
290.2 94.8 and 276.5 41.3 flM in 3- and 9-week-old WKY. In
efferent renal arterioles of 3- and 9-week-old SHR, 2 mvt Na
increased [Ca2I1 similarly by 33.4 3.5 (N = 10) and 33.8 9.7
ni (N = 13), respectively. These responses were similar in
magnitude to those measured previously, as illustrated in Figure
2B. After ouabain, 2 ms Nae increased [Ca211 by 231.7 38.4 nM
in 3-week-old SHR and 147.9 28.6 n in 9-week-old SHR (P <
0.05). Therefore, in efferent arterioles from 9-week-old SHRs, a
Fig. 4. The magnitude of change in [Ca2] with a decrease in Na,,from 150
to 2 ms't in afferent (A) and efferent (B) arterioles from 3- and 9-week-old
WKY and SHR before ) and after (El) 15 minutes of incubation in 1 mxi
ouabain. 'P < 0.05 represents significant difference between 3- and
9-week-old SHR responses. *p < 0.05 represents significant difference
between control and ouabain responses in 3- and 9-week-old SHR.
modest attenuation of the response to 2 mrvi Naç was observed in
ouabain treated vessels.
Discussion
Elevated arterial blood pressure in the SHR is characterized by
increased peripheral and renal vascular resistance, decreased
glomerular filtration rate [21—23], and renal vascular hyperreac-
tivity to disparate agonists [24—311. These vascular alterations may
result from a common defect in the intrinsic and/or neuro-
humoral regulation of [Ca2J1 in vsm, or more likely, result from
A
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Fig. 3. Typical Na Green trace (afferent arteriole) illustrating the effect of
reduction of Na ,,from 150 to 2 mM and 15' ouabain incubation on /NaJ A
prompt and sustained decrease in [Na] was observed during a reduction
of Na from 150 to 2 msi. [Na], progressively increases during 1 mM
incubation in ouabain.
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multiple pathologies. One of the mechanisms that participates in
the control of [Ca2]1 in vsm, and therefore conceivably of
importance in hypertension, is the Na-Ca exchanger. The present
studies were designed to obtain evidence for Na-Ca exchange
activity in renal arteriolar segments from the SHR and to compare
exchanger activity between SHR and WKY rats. We chose to
perform these experiments in non-pressurized vessels in an effort
to look for a primitive intrinsic cellular defect that was indepen-
dent of vessel wall tension. It should also be noted that previous
studies in genetic models of hypertension have examined Na-Ca
exchange activity in larger conductance vessels [3, 4, 9—111. Since
characterisitics of the Na-Ca exchanger may vary between tissues,
these previous studies may not necessarily be representative or
predictive of exchange activity in renal resistance vessels.
Na-Ca2 exchange experiments
In the present studies, reductions in Nae from 150 to 2 mrvi
resulted in a prompt and linear increase in [Ca2]1 in both afferent
and efferent arterioles. This increase in [Ca24 ] was similar to that
found in the accompanying manuscript [151 in studies from rabbit
afferent and efferent arterioles. It should be noted that the current
studies were performed in arterioles obtained from rat kidney. It
is possible that there may be species specific differences in Na-Ca
exchange activity. However, we did not find any obvious differ-
ences in the response to changes in Na between rabbit and rat,
although there are certainly limitations in extrapolating data
obtained from one species to another. Similar to the studies of
rabbit arterioles, we believe that the most likely explanation for
changes in [Ca2]1 with manipulation of the transmembrane Na
gradient is through the Na-Ca exchanger. Although there is
evidence in human fibroblasts that removal of Na can mobilize
[Ca2]1 [321, similar observations have not been reported in vsm.
We have found in renal arterioles that increased [Ca2I1 with
reduced Na was dependent upon the presence of extracellular
Ca2, and not mobilization of Ca2 ' from intracellular storage
sites [15]. These findings, along with additional evidence that
changes in [Ca2]1 could be blocked by nickel and influenced, in
a predictable fashion, by changes in the transmembrane Na
gradient, all support the notion that Na-Ca exchanger operates in
renal arterioles. In other studies, elimination of Na only in-
creased [Ca2j1 by prior incubation in ouabain in order to increase
[Na]1 [331. In contrast, we found that reducing Na from 150 to 2
m elicited increases in [Ca2] without cell Na loading. This
finding indicates that, in renal vessels, [Na was sufficiently high
enough to provide a driving force for Na to exit through the
exchanger in the presence of 2 msi Na. Presumably, in other
studies the baseline [Na]1 was lower and therefore it was necessary
to first raise [Na]1 in order to observe exchanger activity. Finally,
in the continued presence of 2 m'vi Nat, [Ca2' 1 returned towards
baseline but remained significantly greater than control values.
These results indicate that other Ca2 regulatory mechanisms are
not capable of fully restoring [Ca2 1 to control levels, and support
the notion that the exchanger plays an important role in control-
ling [Ca2] in these vascular segments.
In 3-week-old SHR and in 3- and 9-week-old WKY rats, we
found significant increases in [Ca2]1 with reduced Na in both
afferent and efferent arterioles. However, the magnitude of the
responses appeared to be greater in afferent arterioles versus
efferent arterioles. These results are consistent with our recent
findings in rabbit arterioles in which Na-dependent changes in
[Ca2]1 were significantly greater in afferent compared to efferent
arterioles [15]. The reason for this difference is unknown at the
present time, but could be related to differences in [Na]1 or in the
number or activity of the exchanger located in these two vascular
segments. Also, recent work has shown differential [Ca2]1 regu-
lation between afferent and efferent arterioles. We have reported
that afferent but not efferent arterioles functionally express volt-
age-gated Ca2 channels [24]. The findings of the present studies
provide another example of differential [Ca2]1 regulation be-
tween afferent and efferent arterioles.
In the present studies, afferent arterioles dissected from hyper-
tensive (9-week-old) SHR (SBP = 150 mm Hg) had a markedly
attenuated increase in [Ca24]1 when Na was reduced compared
to 3-week-old WKY and SHR and 9-week-old WKY. In contrast,
[Ca2]1 responses were similar in efferent arterioles of SHR and
WKY at 3 and 9 weeks of age, further suggesting that there are
differences in Na-Ca exchange regulation between these two
vascular sites. The results obtained in afferent arterioles are
consistent with studies in aortic rings removed from Dahl S and R
rats fed a high salt (8%) diet for four weeks [4]. Exchanger
activity, assessed by measurement of the rate of contraction
elicited in a 1.2 m Na solution, was lower in aortic rings from
hypertensive S rats compared to R rats [41- However, the results
of the present studies are in contrast with those found in aortic
rings and isolated sarcolemmal membranes of SHR and WKY
rats. In aortic rings, Ashida, Kuramochi and Omae observed a
twofold greater rate of tension development in rings from SHR
exposed to low bath [Na] [3]. In another study, a slightly higher
45Ca2 uptake was noted in Na-loaded sarcolemmal membranes
of SHR rats by Matlib, Schwartz and Yamori [13]. However, the
level of Na-loading in SHR versus WKY sarcolemmal membranes
(mesenteric arteries) was not determined in this study, potentially
masking important differences in Na-Ca exchange activity in these
isolated membranes. These variable experimental findings likely
reflect intrinsic differences in the regulation of Na-Ca exchanger
activity expressed in different blood vessels, and underscore the
importance of examining blood vessels that specifically determine
vascular resistance.
To further evaluate Na-Ca exchange activity in renal afferent
and efferent arterioles, arterioles were incubated in 1 mi ouabain
for 15 to 30 minutes. This maneuver should result in an increase
in [Na]1 and would be expected to cause an increase in [Ca2]
through the Na-Ca exchanger when extracellular [Nat] was
reduced. Indeed, results obtained with Na Green suggest that
ouabain treatment did lead to an increase in [Na]1, although we
were not able to quantitate the magnitude of the change in [Na]1
using this fluorescent probe. Ouabain exposure did have a large
effect on Na-Ca exchange activity in both SHR and WKY afferent
and efferent arterioles. In both arteriolar segments exposed to
ouabain, there was a three- to fourfold increase in the magnitude
of change in [Ca2] in response to a reduction in Nae from 150 to
2 m. These findings are consistent with other studies which
found that ouabain induced the contraction of vsm [34, 35]. In
addition, prior incubation with ouabain enhanced 45Ca uptake
and increased development of wall force during reduced Na,, in
cultured vsm cells from rat aorta [12] and isolated rat mesenteric
arteries [10], respectively. The interesting finding of the present
work is that the magnitude of the change in [Ca2]1 with reduced
Na,, was substantially less in afferent arterioles of hypertensive
(9-week-old) SHR compared to the results obtained in 3-week-old
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SHR or 3- and 9-week-old WKY arterioles. In the presence of
ouabain, the increase in [Ca2]1 at low Nae was also less in the
efferent arterioles of the 9-week-old SHR. These data suggest that
there was either a significant down-regulation of Na-Ca exchanger
number or activity in the 9-week-old SHR, or alternatively, that
ouabain was not as effective in increasing [Na]1 in the 9-week-old
SHR. This issue may be resolved by quantitative measurements of
[Na] using fluorescent probes, although this will be technically
difficult. However, it should be emphasized that a change of less
than 1 mM [Na]1 could account for the entire increase in [Ca2]1,
with reduced Nae, in the presence of ouabain. Hence, it may not
be possible to determine if differences in [Na]1 are in fact
responsible for the observed differences in the Na-Ca exchange
activity between the 3- and 9-week-old SHR arterioles.
Nevertheless, these results demonstrate that the functional
activity of the Na-Ca exchanger was diminshed in the 9-week-old
SHR either in the absence or presence of prior Na loading. The
most straightforward explanation for the differences in [Ca2]
responses is a reduction in Na-Ca exchanger number or activity in
this model of hypertension. In addition, this decrease in activity
was more pronounced in afferent arterioles, which offers the
possibility that the exchanger may be differentially regulated in
these two segments. Finally, whether this alteration in Na-Ca
exchange activity contributes to the development of hypertension,
or is a consequence of the hypertensive state remains to be
determined.
Na-independent experiments
A reduction in Ca-sequestering and/or plasmalemmal Ca2
extrusion capabilities could result in enhanced levels of [Ca2']1 in
vsm cells, leading to increased vascular resistance. In the present
experiments, we examined Na-independent Ca2 regulation by
simply maintaining vessels in 2 mrvi Na after the peak increase in
[Ca2]1 had occurred (Fig. 1). As mentioned previously, after the
peak increase in [Ca2]1, there was a decline of [Ca2]1 towards
baseline values. We analyzed the rate of decline in [Ca2]1 and
percent recovery of [Ca2]1 in the continued presence of 2 m'vi
Na and found that both the rate of recovery as well as the percent
NaIRec were reduced in the afferent arterioles of 9-week-old
SHR. These studies, however, did not allow us to determine if this
alteration was due to decreases in Ca2 sequesteration or Ca2
extrusion. It is also possible that this difference may simply be due
to the fact that the peak value for [Ca2]1 with removal of Na was
lower in the 9-week-old SHR.
Previous data concerning the function of ATP-dependent Ca2'
transport in genetic hypertension are limited, but in general
suggest that Ca-ATPase activity is reduced. Studies in platelets
from human hypertensive subjects have shown that total Ca-
ATPase and plasma membrane Ca-ATPase activity are inversely
correlated with diastolic blood pressure [16]. With regard to vsm,
mesenteric arteries obtained from SHR [17], deoxycorticosterone-
salt hypertension [18], and renovascular hypertensives [19] have
demonstrated a reduced ATP-dependent Ca transport. Further-
more, aortic rings taken from Dahl S rats fed a high salt (8%) diet
showed significantly lower Ca-ATPase activity than rings removed
from R rats on a high salt diet [4]. In these studies, the rate of ring
relaxation in the continued absence of bath Na (that is, 1.2 mM
Na) was taken as an index of the activity of Ca-ATPase. In the
present study, the rate of reduction in [Ca2]1 (—dy/dt) in the
presence of 2 m'vi Na was taken as suggestive of the activity of
Ca-ATPase. Therefore, taken together, these studies suggest that
there is a reduction in Ca-ATPase activity of vascular smooth
muscle cells in several forms of hypertension. However, the exact
role that Ca-ATPase plays in the development/maintenance of
hypertension remains to be determined.
Since renal afferent arterioles demonstrated impaired Na-
dependent and Na-independent [Ca2]1 responses during alter-
ations in the Na transmembrane gradient, it was surprising that
baseline [Ca2]1 was not different in afferent and efferent arte-
rioles from 3- and 9-week-old SHR (Table 2). Previous measure-
ments in aortic vsm cells of WKY and SHR, using lasermicrofluo-
rospectrometry, have demonstrated elevated [Ca2]1 in vsm of
SHR [36]. One possible explanation concerns the fact that our
studies were performed using an in vitro system. All arterioles
were dissected free from surrounding renal parenchyma, thus
removing these structures from the influence of an extraordinarily
rich neural and humoral environment. Although the composition
of the bathing solutions approximates that of plasma in terms of
electrolytes, these solutions distinctly lack the high levels of
catecholamines, angiotensin II, and other ligands known to be
present in the renal interstitium in vivo. In addition, prior to
conducting the experimental protocol, a minimum of 90 minutes
had elapsed since removal of the kidney, which might tend to
minimize differences in [Ca2]1 in vessels from hypertensive
versus normotensive animals.
Conclusions
Results from the present studies utilizing the transmembrane
Na gradient as a tool for eliciting changes in [Ca2]1 are consistent
with the operation of a Na-Ca exchanger in renal afferent and
efferent arteriolar segments. Exchange activity appeared to be
greater in afferent versus efferent arterioles. In addition, increases
in [Ca2 '] during superfusion with 2 mM Na were enhanced by Na
loading with ouabain. Of primary significance was diminshed
Na-dependent (Na-Ca exchange activity) and Na-independent
control of [Ca2]1 observed in afferent arterioles from 9-week-old
hypertensive SHR compared to 3-week-old SHR and 3- and
9-week-old WKY rats. It is interesting to speculate that perhaps
some common intracellular signalling pathway might be respon-
sible for the reduction in activity of both of these Ca2 regulatory
pathways. Nevertheless, the reduced ability to regulate afferent
arteriolar [Ca2]1 in vivo might contribute to elevated renal
vascular resistance, and impairment of renal function in this
model of hypertension.
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